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Summary
Objective: To relate the vertical striations visualized in the deeper layers of articular cartilage by Magnetic Resonance Imaging (MRI) to
histological features.
Methods: Two knee joints recovered at post-mortem from males in their seventies with no history or visual evidence of joint disease were
examined. MR images were obtained in a 4.7 T 400 mm-bore magnet, after which the knees were fixed, sectioned, and examined
histologically.
Results: High resolution MR showed vertical high/low signal striations with a two to three-fold variation in signal intensity and a periodicity
of 0.56 (±0.16 mm), most prominent in weight bearing areas. Histological sections revealed alternating light and dark staining areas with a
periodicity of 1.01±0.54 mm in the lower zones of the cartilage, some, but not all of which clearly represented folding. Given that MR will only
visualize vertical structures in cartilage aligned at 90 degrees, whereas histology will cut them at varying angles, it is likely that the vertical
structures seen by each modality correspond, and that they represent structural heterogeneity in cartilage; perhaps the presence of plates
of high collagen and proteoglycan content.
Conclusion: The vertical striations seen routinely in the deep zones of hyaline articular cartilage on histological sections are not artefactual;
they are likely to represent structural heterogeneity due to the presence of areas of high collagen and high proteoglycan content that
exist in weight-bearing areas. This structural heterogeneity may be of great importance to the integrity and function of the cartilage.
© 1999 OsteoArthritis Research Society International
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Articular cartilage is a unique tissue, with no blood vessels,
nerves or lymphatics, and relatively few cells within its
matrix. It forms a low-fraction, low-wear, bearing surface for
articulating bones. The matrix itself is predominantly com-
posed of a meshwork of type-II collagen fibres expanded
by hydrophilic proteoglycans, principally aggrecan, which
expand and provide tension in the fibrillar network.1 It is
well known that there is considerable heterogeneity within
cartilage; it is clear, for example, that there are differences
in both matrix composition and chondrocyte function,
between superficial and deep layers.2 The different zones
described before have been based on distance of the
tissue from the joint surface, and include a superficial zone,
in which collagen fibres mostly lie parallel to the joint
surface, and intermediate and deeper zones, in which
these fibres have a more vertical orientation.1,3,4 These
zones have been seen as horizontal striations in the480articular cartilage by Magnetic Resonance Imaging
(MRI).3–6
MRI has also revealed vertical striations in bovine articu-
lar cartilage7 and there have also been recent reports of the
same finding in human articular cartilage.8,9 We have
undertaken high resolution MRI of intact human knee joints
to investigate changes in the articular cartilage during the
progression of arthritis, and have often seen such vertical
striations. We therefore undertook an investigation of their
nature, by comparing the MRI findings to histological
appearances within the same human knee using fresh
intact knees obtained at post-mortem.Received 26 November 1997, accepted 21 September 1998.
This work was funded by the U.K. Medical Research Council
and Zeneca Pharmaceuticals.Methods
Knee joints were recovered at post-mortem from two
males (one aged 72, one 74) with no history of joint
disease. The joints were available within two days of death
and were intact apart from the overlying skin. While fully
intact their surfaces were exposed to an antibacterial agent
(‘Virkon’, Centaur Services Ltd, U.K.) for 10 min; the joints
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polythene vacuum pouches, to maintain hydration, and
stored at 4°C.
MRI
MR images were acquired at 6°C, 103–112 h post-
mortem, using a spectrometer (Unity INOVA, Varian, Palo
Alto, CA) incorporating a 4.7 T 400 mm-bore magnet
(Oxford Instruments, Oxford, U.K.), a 184 mm-bore rf coil
(Varian), and actively shielded pulsed field gradients
(Oxford Instruments) providing 0.1 T/m with 1 ms rise-time.
An oblique (but anatomically sagittal) multislice spin-echo
pulse sequence was employed, with fat suppression via
chemical shift specific slice selection,10 32 averages, echo
time 25 ms, repetition time 2 s, slice thickness 1 mm, field
of view 125×250 mm, and a matrix of 512×1024 zero-
filled to 1024×2048 (phase-encoding×frequency-encoding
respectively).HISTOLOGY
After MRI, the whole knee joint was placed in a closed
container containing ~ 10 litres of 10% buffered formalin.
After at least 2 weeks fixation, the patella, femoral condyle
and tibial plateau were dissected free of the remaining knee
tissue, and the joint surfaces were examined visually.
Sagittal sections of the entire patella, femoral condyle and
tibial plateau of ~ 5 mm thickness were then cut using a
hand-held, oscillating saw. These sections were decalcified
in 20% formic acid, followed by step-wise dehydration in
methylated spirits 74OP (steps of 70, 95 and 100%) and
embedded in a hard wax (melting point 50–60°C), using
routine histological processing. Completion of decalcifi-
cation was determined by measuring the calcium in the
decalcification solution, after neutralization of the solution
with saturated ammonium oxalate. Completion of dehydra-
tion was measured using silver nitrate. After embedding,
5-ìm sections were obtained using a base sledge micro-
tome (Shandon Scientific, Basingstoke, U.K.). These sec-
tions were floated out on to water and mounted on glass
slides (50 mm×75 mm) that had been coated for 2 min with
a 2% solution of 3-[triethoxysilyl]-propylamine, dissolved in
acetone. After coating, the slides were washed in water
then air-dried. The sections were separately stained with
Van Geison, MSB (Martius Scarlet Blue), Toluidine blue,
and H & E (Haematoxylin and Eosin) using standard
histological techniques. Finally some sections were left
unstained for polarized light microscopy. After staining the
sections were conventionally mounted. The stained histo-
logical sections were examined using a Leica Dialux Micro-
scope under 2.5 objective. They were then photographed
separately using a Nikon F3 with 50 mm macro lens,
imported into Adobe Photoshop with a Nikon 35 mm film
scanner before printing on a Di-sub printer. The polarized
light sections were examined in the same way before
photographing using a Leica microscope-camera attach-
ment with 64 and 200 ISO slide film.Fig. 1. T2 weighted, high resolution MR image and associated
striation periodicity of an intact human knee. Bottom Panel: Detail
of an MR slice through medial compartment (62 mm×47 mm). Top
of image is rostral and left is posterior. Articular cartilage is mainly
high-signal, bone is low-signal. Tibial plateau (flat surface, below)
and femoral condyle (curved surface, above) are well-seen. The
black triangular structure, left of centre is the posterior horn of the
median mensicus. Middle Panel: Detail of bottom image showing
high and low signal intensity striations on tibial articular cartilage
(15 mm×6 mm). The line corresponds to the x-axis in top panel.
Top Panel: Plot of MRI signal intensity (relative units) against
distance along the tibial plateau in this slice. This represents the
12.6 mm line shown on the middle panel.Results
High resolution MRI showed a periodic pattern of alter-
nating vertical high and low-signal striations which were
seen at certain locations within the cartilage (Fig. 1).
Analysis of the whole knee indicated that these striationswere most obvious in areas of weight bearing cartilage.
They appeared more prominent on concave surfaces (the
tibial plateau for example, see Fig. 1 bottom panel) than on
convex surfaces of the knee, and that they were most
obvious in those areas that we would expect to be most
weight bearing. This is shown in Fig. 2 which maps the
areas of full striation in the cartilage on the lateral and
medial tibial plateau of one of the samples, in relation to the
areas of meniscal coverage. The low-signal areas did not
extend as far as the surface of the articular cartilage, which
showed a uniformly high signal intensity. By taking a signal
intensity profile through the cartilage on each slice, the
periodicity of the low signal intensity regions were
measured as 0.56±0.16 mm (Fig. 1, top panel). A two- to
three-fold intensity difference was observed between the
high and low-signal region.
Based on the MRI of the whole knee, sections of interest
were identified and these were used for determination of
matrix composition and structural orientation using histo-
logical and microscopic techniques. In lightly stained sec-
tions, alternate light and dark staining areas were observed
in the articular cartilage with a periodicity of 1.01±0.54 mm
when stained for collagen and proteoglycan (Fig. 3 a,b,c,d).
While using polarized light, the unstained sections showed
similar periodic features (Fig. 3e). These periodic features
were broader at the subchondral surface and typically
extended half-way to the articulating surface. Some but not
482 J. E. Foster et al.: Structural periodicity in human articular cartilageall of the periodic staining patterns related to folds within
the section. In any one section, the folds were super-
imposed on, and in phase with, the high-staining or the
high-polarization features. These folds, which may indicate
underlying biomechanical discontinuities in the tissue, are
generated during the preparation of the histological sec-
tions before exposure to stain. Therefore they can be used
to relate the features seen in adjacent tissue sections
observed using different histological and microscopic tech-
niques. When the tissue sections are aligned using gross
morphology, the features which then exhibited high staining
and high polarization, even where there was no folding,
were found to have a coincident in periodicity with the folds.Fig. 2. Map of the tibial plateau of the knee of the first case studied,
showing the areas in which the vertical striations of articular
cartilage were most prominent (bars) in relation to the areas
covered by menisci (dots).Discussion
Both the histological appearance and the MRI
of these specimens show evidence for vertical striations in
the deeper layers of some areas of articular cartilage.
Measurement of the periodicity of these striations showed
that the distance between vertical bars was greater on
histological sections than on MR (although not significantly
so). As shown in Fig. 4, this is to be expected, as the MR
images will only visualize any vertical structures as stria-
tions when they are aligned at 90 degrees, whereas stria-
tions will be seen with sectioning at any angle to the
structure: from this we would expect an increase from an
average periodicity of 0.56 ìm on MRI to an apparent gap
of about 1 mm on histology, which is what we observed. We
believe, therefore, that the two techniques are visualizing
the same structural periodicity within the articular cartilage.
Their appearances suggest that these striations reflect an
underlying structure of plates. Such plates would be seen
most clearly in MRI when they are normal to the imaging
slice plane and longer than the slice thickness, because thesignal is averaged across the finite MRI slice thickness of
1 mm. The two-fold MRI signal intensity variation across
the striations is striking, and is likely to be an under-
estimate, because of partial volume averaging at this
resolution. The most plausible interpretation of this appear-
ance on MRI is that the water in the plates exhibits a much
shorter T2 (transverse) relaxation time than does the water
in the interleaving matrix. This is supported by the recent
report of a bimodal T2 in articular cartilage.10 The short T2
would reflect a much greater density of sites of rigid
macromolecules such as collagen, which can mediate the
transverse relaxation of water protons. The dark regions in
MRI would thus correspond to regions of higher matrix
density, which stain more intensely in histology. Areas of
bright intensity in MRI would correspond to less dense
matrix, which stains less intensely. The histological findings
suggest that these plates have unusually high concen-
trations of collagen and proteoglycan, and in conjunction
with the polarized light findings, imply highly orientated
collagen within the lower layers of the cartilage.
Having observed these striations, we have asked our-
selves two questions—have they been described before,
and could they be artefacts?
It would appear that striations have been seen before,
both in histological sections and by MRI. Examination of the
illustrations of stained sections of articular cartilage in two
standard textbooks on musculoskeletal histology has
shown clear evidence of striations of the same periodicity
as we describe here, in almost all examples,12,13 which
accords with our experience. In addition, scanning electron
micrographs of bovine articular cartilage, appear to show
a periodic arrangement of collagen fibrils consistent with
our suggestion that they represent plates of high colla-
gen density.14,15 The previous omission of mention or
concern with these striations is probably due to two
phenomena—first the assumption that they are artefactual
folds in the tissue, caused by fixation, and secondly the fact
that histologists are trained to ignore any features that are
not thought to be related to tissue pathology.
In addition, as mentioned in the introduction, high resol-
ution MRI has previously revealed the presence of vertical
striations have been observed in both bovine and human
articular cartilage.8,9 At lower MRI resolution, typical of
most current clinical studies, the striations cannot be
resolved easily. The low signal from the plates would
average by spin diffusion and by the partial volume effect,
with the high signal from the remaining matrix. This would
produce the well-known zone of intermediate signal
intensity conventionally assigned to oriented collagen in
clinical MRI.3
We believe that the striations described must represent
a structural periodicity in the lower layers of some parts of
the articular cartilage, rather than being artefactual. As
explained, histological sections of articular cartilage com-
monly show a pattern of striations, with deep staining
vertical lines of a periodicity similar to that described in this
paper, and it is clear that it is correct to describe many of
these lines as representing tissue folds. However, folding of
the tissue in a regular, reproducible manner, must be due to
variations in structure, and implies the presence of struc-
tural heterogeneity; it is therefore inappropriate to regard
this folding as ‘artefactual’. The nature of the variations in
MRI density and in staining patterns lead us to believe it is
due to the periodic presence of plates of high collagen and
proteoglycan content. It is of interest that these structures
were seen predominantly in those areas of the cartilage
which we would expect to be weight bearing; plates in
Osteoarthritis and Cartilage Vol. 7 No. 5 483Fig. 3. Histological and polarized light serial sections of a lateral region of the tibial plateau. In all panels subchondral bone is at the bottom.
The black box indicating the inset sections corresponds to 30 mm. (a) is a contact print of the whole tibial plateau stained with Van Gieson
and shows the collagen distribution and density across the entire slice. (b) shows the magnified region of (a). The black arrow indicates a
fold which is distinct from the neighbouring structure to the right which is a plate as described in the text. The dark oblique lines are an
artefact caused by a broken cover slip. (c) is a contact print of the whole tibial plateau stained with Haematoxylin and Eosin and shows the
periodic folding and staining across the entire slice. The haematoxylin stains the negatively charged groups on proteoglycans resulting in a
purple deposit. (d) shows the magnified region of (c). The black arrow indicates a triangular feature extending from the subchondral bone to
halfway through the cartilage. This corresponds to one of the high proteoglycan-density plates as described in the text. Small folds are
associated with several of these features. (e) is the unstained section viewed using polarized light. The white arrow indicates a fold which
is distinct from the structures to the extreme right which are plates of highly oriented collagen and are confined to the middle to deep zones
of the cartilage. The white line indicates a length of 2 mm. The folding of histological sections is commonly regarded as a troublesome
artefact seen especially in tissue with high collagen content. However, it often reflects underlying biomechanical discontinuities and so can
provide information on this tissue property.
484 J. E. Foster et al.: Structural periodicity in human articular cartilageweight bearing areas may allow the cartilage to accommo-
date high loads; dissipate stress and avoid cracking; as
well as possibly providing channels for water flow under
loading.
The present study is limited by the small number of
samples studied, the unusual way in which they were
handled, and the fact that they both came from older
individuals, who might, therefore, have had joint pathol-
ogy. The reasons for most of these limitations are
obvious—post-mortem specimens are neither easy to
obtain nor likely to come from young subjects, and the
procedures described are extremely complex, difficult and
time consuming, involving high resolution MRI of whole
joint specimens followed by fixation and sectioning of the
intact joints. Vircon was sprayed on the joints externally in
order to protect those of us involved in the study from risks,
but it is not conceivable that this substance could have
reached the articular cartilage that we were studying, so as
to affect structures. Apart from this precaution, the fixation
and staining techniques used were standard ones. We
would like to be able to repeat these studies on joints from
younger individuals, but we do not believe that the phenom-
enon is likely to be confined to older people or to pathologi-
cal joints for two reasons—first vertical striations have been
seen in human and bovine joints of all ages, and secondly,
the gross examination of the joints we have studied
revealed only minor fibrillation, with no other pathological
changes.
We would like to encourage others to search for the
structural heterogeneity that we here describe, and to
examine it by different techniques in order to confirm or
refute our contention that vertical plates of high collagen,
high proteoglycan density exist in the deeper layers of
weight bearing articular cartilage.Acknowledgments
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